An Insect-scale Self-sufficient Rolling Microrobot by Bhushan, Palak & Tomlin, Claire
An Insect-scale Self-sufficient Rolling Microrobot
Palak Bhushan∗ and Claire Tomlin∗
Abstract— We design an insect-sized rolling microrobot
driven by continuously rotating wheels. It measures 18mm ×
8mm × 8mm. There are 2 versions of the robot - a 96mg laser-
powered one and a 130mg supercapacitor powered one. The
robot can move at 27mm/s (1.5 body lengths per second) with
wheels rotating at 300◦/s, while consuming an average power
of 2.5mW. Neither version has any electrical wires coming out
of it, with the supercapacitor powered robot also being self-
sufficient and is able to roll freely for 8 seconds after a single
charge. Low-voltage electromagnetic actuators (1V-3V) along
with a novel double-ratcheting mechanism enable the operation
of this device. It is, to the best of our knowledge, the lightest
and fastest self-sufficient rolling microrobot reported yet.
Index Terms— Micro/Nano Robots, Mechanism Design, Com-
pliant Joint/Mechanism, Wheeled Robots
I. INTRODUCTION
Among milligram-scale microrobots (or, microbots), the
flying kind are well heard of due to their visually appealing
flapping wing kinematics, together with the inherent dif-
ficulty in making these owing to the high power demand
of flight [1]–[4]. Thus insect-scale flying microbots are all
tethered with the exception of [5] but even that takes off just
for a split second on laser power before falling to the ground.
The design requirements for ground-based microbots how-
ever are much relaxed compared to those of flying ones [6],
in part due to the fact that they are not required to lift their
own weight. Yet we have seen few 100mg-scale robots that
are self-sufficient [7]. Most of the electrical-powered designs
are tethered [8], [9], due to the high-voltage, high-current,
and/or, high-power demands on the drive electronics and the
power source.
There have been prior works that are untethered but these
mostly require a controlled environment, like a changing ex-
ternal field [10] or an electrical grid surface [11] to function,
restricting their global operation. Recently a self-sufficient
bot was reported [12] weighting 200mg with a supercapacitor
as its power source. It crawls at 2mm/s just like a bristlebot,
that is, using anisotropic forward versus backward friction
coefficient between its legs and the ground. But this makes
the bot’s motion very sensitive to the surface properties, with
rougher surfaces potentially rendering it useless.
Rolling and walking locomotions are more robust than
bristlebots to changes in the environment’s surface, but
producing these motions requires generating a continuously
rotating motion in contrast to the small-displacement oscilla-
tory actuators available at milligram scales. So we design a
new double-ratchet mechanism that converts small periodic
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Fig. 1: (a) Supercapacitor powered rolling microbot. Compared to
(b) an index finger, and, (c) a quarter dollar.
motions to large continuous rotations by anisotropically
adding up the small motions. The principle behind is similar
to some other designs like the inchworm motor [13], [14]
which converts tiny motions of an actuator to large motions
of a shuttle. Note that we still use anisotropy in our mecha-
nism, but it has been shifted from the environment to inside
the mechanism which we can fully control. The double-
ratchet constructed here turns only on clockwise inputs.
In order to simplify the drive electronics, we take a low-
voltage actuation route by using electromagnetic actuation,
that is, a magnet plus coil system. Low-voltage approach
has previously been taken with flying microbots [2]–[4] but
not with ground based ones. The use of a double-ratchet to
keep the magnet displacements low ensures higher average
magnetic fields seen by the coil. Use of the mechanical
advantage principle to keep the actuation forces low ensures
low current in the coil. Both these strategies further simplify
the power electronics by lowering the current and power
demands.
Low-voltage and low-current requirements enable the use
of onboard low-power light-weight power sources. The laser-
powered version of the bot can operate indefinitely using a
1mg photovoltaic (PV) cell, but the laser needs to be pointed
accurately on to the PV cell which becomes a challenge when
the bot is moving fast. Thus to demonstrate an untethered
motion that is not intermittent we use an onboard 24mg
supercapacitor that can power the bot for 8 seconds.
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II. DESIGN
A. Micro-ratchet
The basic building block of our mechanism is a ratchet
with its cross-section portrayed in Figure 2. The inner shaft
is free to rotate relative to the outer ring when it is rotated in a
clockwise direction relative to the ring. Under this operating
condition, the elastic protrusions emanating from the shaft
slide over the zig-zag patterns on the inner perimeter of the
ring. These elastic beams are bent by 25µm more (in addition
to any pre-deflection) when encountering the peaks in the
pattern. When rotated anti-clockwise, the shaft locks relative
to the ring. In this reverse operation, the elastic beams push
the falling edge of the pattern head-on, and motion can only
be achieved if the beams buckle. This buckling requires
orders of magnitude higher torque compared to the simple
sliding motion from before and this configuration can be
considered as locked for the purposes of this paper.
Fig. 2: Cross-section of a micro-ratchet mechanism made using
flexible beams on a shaft and a patterned hole. The peaks in the
pattern are 25µm high and are spaced 4◦, or, approximately 70µm
apart.
Fig. 3: Fabrication of the shaft for the micro-ratchet mechanism.
60◦ spaced flexible beams are obtained by wrapping a laser cut
Kapton sheet with tabs on to a Kapton tube.
Figure 3 shows the construction of the inner shaft. 12 tabs
are laser-cut on a 12.7µm-thick Kapton sheet. This laser-cut
sheet is then rolled on to a 2mm-diameter Kapton tube and
glued in place. The rest of the sheet adheres to the curved
surface of the tube due to the glue, but the unglued tabs
retain their planar shape thus acting as our desired elastic
protrusions. The fabricated shaft can be seen in Figure 6.
Rectangular slots cut into each of the 12 tabs will help in
keeping the outer ring in place as will be seen next.
Rings with patterned holes are laser cut using 25µm-thick
stainless steel. These rings slide into the slots previously cut
Fig. 4: (a) Laser-cut patterned steel rings are slid in to the shaft
such that (b) the ring passes through the slots in each of the
tabs/elastic beams. (c) & (d) show a better view of the rings passing
through the slots.
in each of the tabs as seen in Figure 4. The slots prohibit
any sideways motion of the rings, but there is still a slight
‘give’ due to the clearances between the slot and ring, that
is, due to the ring being thinner than the slot width. This
play can cause the rings to not be perpendicular to the shaft.
Thus, in each ratchet a set of 2 rings is used in conjunction
to reduce the play and avoid any parasitic motion. The rings
are joined using 3 carbon fibre (CF) rods placed 120◦ apart
as seen in Figure 5(a).
B. Backlash
Backlash is the maximum amount the shaft can rotate in
the anti-clockwise direction before locking to the ring. From
Figure 2 one can notice that the elastic beams would only
need to slide a maximum amount equal to the peak separation
in the patterned hole before hitting a falling edge. In reality,
this number is even smaller. The elastic beams are not spaced
apart at exactly 60◦ relative to each other due to assembly
imperfections, and hence the contact points of the 6 beams
are uniformly distributed over the peak separation. Thus, the
backlash is estimated to be 1/6th of the peak separation, that
is, 4◦/6 ≈ 0.67◦.
C. Double-ratchet
Now we seek a mechanism whose output rectifies and adds
up the provided input motions. Two ratchets are connected
together via a common shaft as shown in Figure 5. The front
ratchet’s rings are grounded. Input is provided at the back
ratchet’s rings, and the common shaft acts as the output.
When the input is rotated clockwise, the back ratchet locks
to the shaft but the front ratchet is free to rotate relative
to the shaft. Thus, the shaft rotates clockwise. When the
input is rotated anti-clockwise, the back ratchet is free to
rotate relative to the shaft but the front ratchet locks to the
shaft and prohibits it from rotating anti-clockwise. Thus, the
shaft remains stationary. Providing periodic clockwise plus
anti-clockwise motion at the input results in the shaft adding
adding up all the clockwise motions and neglecting any anti-
clockwise motions. The fabricated double-ratchet assembly
can be seen in Figure 6.
Fig. 5: Operation principle of the double ratchet.
Fig. 6: Fabricated double ratchet corresponding to Fig. 5. Seen in
black are the 0.3mm CF rods that join the pairs of rings.
D. Electromagnetic Actuator
Here, instead of using a set of 2 rings for each of the
front and back ratchets, we now use a single ring for both
(see Figure 7). This is done to reduce the footprint of the
device. We ensure the perpendicularity of the rings and the
shaft, which is now lost due to the singular use of the rings,
by adding new constraints. Perpendicularity of the grounded
ring to the shaft is maintained by balancing the shaft using
a third non-patterned ring. Perpendicularity of the input ring
to the shaft is maintained by restricting the motion plane of
the input.
Fig. 7: An electromagnetic actuator (magnet + coil) driving the
input ratchet via a long moment arm. Rings and coil supports are
attached to a common base plate that acts as a mechanical ground.
The coil is custom made from a 12µm-thin Copper wire
which is array wound nturns = 96 × 16 number of times.
It has an inner diameter of 1.9mm, an outer diameter of
2.45mm, and a height of 1.6mm, with resistance ≈ 1500Ω.
The NdFeB magnet is of grade N52 with 1.6mm diameter
and height. The magnet is attached to the input arm of the
double-ratchet mechanism. The grounded ring is attached to
the rectangular base plate made from 50µm-thick Aluminum
sheet. The shaft is further supported by a non-patterned ring
to ensure its perpendicularity. The input ring is attached via
a long moment arm to the magnet which is concentric to
the coil in its rest state. The fully deflected position of the
magnet is chosen such that one of its pole faces is still almost
inside the coil.
Fig. 8: A long narrow slot in the alignment plate keeps the moment
arm in a single plane. This slot also restricts the moment arm from
rotating more than ≈ 12◦.
A 50µm-thick Al alignment plate, shown in Figure 8,
is used to ensure that the moment arm (and hence the
input ring) always moves in a plane perpendicular to the
shaft. This is accomplished by constraining the moment arm
to only move through a narrow slot (100µm-wide) in the
alignment plate. This slot also limits the magnet from moving
completely out of the coil.
E. Starting Torque & Mechanical Losses
Three types of torques need to be overcome in each ratchet
to produce motion. One is the friction torque arising from
the contact between the elastic beams and the ring. Another
is due to the energy dissipated in the deflected elastic beams
when they are released after crossing over the peak (in the
patterned hole) into the falling edge. And lastly to lift the
weight of the magnet against gravity.
1) Friction: Each of the elastic beams is l = 0.5mm long
and w = 1mm wide, hence their bending stiffness is k =
2.5GPa
4
t3w
l3 ≈ 10N/m. When inside the patterned hole, they
are pre-deflected (pre-tensioned) by an amount no larger than
∆y = 0.2mm (estimate), corresponding to a contact force of
Fcontact = 2mN per beam. Assuming a friction coefficient of
µs = 0.1, this corresponds to a starting torque of 6 · µs ·
Fcontact · rshaft = 1.2µNm per ratchet.
2) Elastic dissipation: At any given time only one of the
6 beams is released from the peak into the valley due to the
beams not being perfectly 60◦ apart from each other. Thus in
a rotation of 4◦ ≈ 0.07rad, an energy of 12k∆y2− 12k(∆y−
25µm)2 = 0.05µJ is dissipated. By energy equivalence, this
corresponds to a starting torque of 0.05µJ0.07rad = 0.7µNm.
3) Potential energy: The 25mg magnet at the end of
the 8mm long moment arm, which always remains almost
horizontal, exerts a torque of 0.25mN · 8mm = 2µNm.
The total estimated starting torque is the sum of the
above three and thus = 3.9µNm. Experimentally it is found
that an applied torque of 4.4µNm is sufficient to produce
motion. This minimum starting torque needed determines the
minimum coil current needed to produce motion.
Using finite element simulations we find the average
magnetic field seen by the coil to be Bavg ≈ 0.1T. This
average is not low because the magnet undergoes only small
displacements never being very distant from the coil. The
8mm long moment arm greatly reduces the force the coil
needs to generate to produce 4.4µNm of torque. Fcoil(needed)
= 4.4µNm/8mm = 0.55mN = nturns ·Bavg ·Icoil ·2pircoil ⇒ Icoil
= 0.5mA. The heat loss in the coil at this current value
will be I2coilRcoil = 0.38mW, and the voltage across the coil
will be Vcoil = 0.75V. However, the off-the-shelf electronics
components used in this paper can’t operate below 1V and
thus the voltage across the coil would be Vcoil(actual) = 1V
⇒ Icoil(actual) ≈ 0.6mA which is more than the current
required to guarantee function.
F. Power Electronics
Figure 9 shows the schematic of the 3 constituent com-
ponents of the driving electronics. An 11mF supercapacitor
from Seiko (CPH3225A) is used as a power source for our
device. It has an internal resistance of 160Ω and can be
charged up to 3.3V. A resistive divider with Rs = 5.6kΩ is
used to provide a virtual ground. An opamp based oscillator
circuit is used to generate a 20Hz oscillating waveform. Time
Fig. 9: Conceptual circuit diagram. Supercapacitor acts as the
supply for the coil, oscillator and the H-bridge. The standard opamp
based oscillator circuit functions by charging and discharging the
capacitor C, whose time constant is tuned using R.
period of oscillations is given by T = 2RC ln( 1+β1−β ), where
β = R2R1+R2 . Choosing R1 = R2 = 56kΩ sets β = 0.5 and
T ≈ 2RC. Choosing R = 10kΩ and C = 2.2µF sets f = 1T
near 20Hz.
This periodic waveform is then fed to an H-bridge made
out of 2 opamps which alternates the connection polarity of
the coil to the supercapacitor at 20Hz. The supercapacitor
discharges through the coil and the opamps stop functioning
below a supply voltage of 1V at which point the coil stops
receiving alternating supply voltage and the device stops
functioning.
A 12.7µm-thick Kapton sheet with an 18µm-thick double-
sided adhesive film attached to it acts as the substrate of
our circuit. The copper traces acting as wiring are laser cut
from a 25µm thick Copper sheet and then bonded to the
substrate using heat and pressure, as seen in Figure 10. The
surface mount opamps, 0402 resistors, 0603 capacitor and
0402 zero resistance jumpers are glued to the substrate and
then soldered to the Copper wiring using solder paste and a
hot air gun. Jumpers are used to make electrical connection
paths that otherwise intersect with existing copper traces.
The double opamp (TLV342 RUG) and the single opamp
(TLV341 DRL) units each weight around 2mg and are the
heaviest parts in the circuit.
G. Assembly
The completed electronics unit is glued on to the Al base
plate in the space below the moment arm as seen in Figure
11. Spiked wheels 8mm in diameter, laser cut from 50µm-
Fig. 10: Actual circuit. (a) To avoid any manual alignment copper
traces are laser-cut in place, and then the Kapton + adhesive
laminate is hot pressed on to it. (b) The surface mount electrical
components are glued and soldered in place manually.
thick Al, are attached to the double-ratchet’s shaft. Smaller
3mm diameter wheels, with CF rod as axle and free to rotate
inside a Kapton tube, are added to the front to balance the
robot. This makes the robot a rear-wheel-drive. The masses
of all the constituents after the assembly can be seen in Table
I.
TABLE I: Mass distribution of the microbot.
Sub-component Mass
Electrical parts
Power electronics 17mg
Coil 13mg
Magnet + moment arm 27.3mg
Supercapacitor 24.1mg
Structural parts
Base plate + Perpendicular supports 16.2mg
Front wheel assembly 4.8mg
Rear wheels 18.7mg
Ratchet tube 8.6mg
Total 130mg
III. EXPERIMENTS
A. Double-ratchet
We verify the functioning of the double-ratchet by provid-
ing it a periodic input manually as shown in Figure 12. The
shaft is engaged to the back ratchet when the input is driven
clockwise. This can be seen by noticing the motion of the
Fig. 11: Fully assembled device. The supercapacitor is kept close
to the ground so that it can be charged using probes from a function
generator and then released quickly.
Fig. 12: Double-ratchet mechanism operated manually, and thus
time stamps are just indicative. Input is provided at the back
ratchet, and output is observed using the black CF indicator rod
attached perpendicularly to the shaft. Asymmetry in clockwise vs
anti-clockwise operation can be observed.
black indicator attached to the shaft. The second row shows
the shaft being grounded, with no motion of the indicator,
when the input is driven anti-clockwise.
B. Rolling using photovoltaics
Before trying the supercapacitor powered version of the
bot we tried an alternate power source which is a 1mm×1mm
infrared PV cell (MH GoPower 5S0101.4-W) that produces
current when a 976nm wavelength laser light (MH GoPower
LSM-010) is shone on it. The laser intensity is increased
until the PV cell outputs ≈1.5V while driving a 1.5kΩ load.
The robot’s operation was intermittent since the onboard PV
cell moves out of the laser spot (seen as the green spot on
the infrared indicator card in Figure 13) as soon as the robot
rolls forward, and then needs to be repointed which is done
manually. So to test the operation we allow the smoothed
out rear wheels of the robot to slip in a gap/valley between
two cards so that its wheels rotate but the robot doesn’t
move forward and its PV cell remains in the laser spot.
Fig. 13: Stationary laser-powered bot with continuously rotating
but slipping wheels. The wheels are made to slip by smoothening
it out (eliminating the spikes) and then placing them at a bump that
they cannot climb due to low traction.
Because of the absence of the spikes on the rear wheels and
the heavy supercapacitor, this version of the robot weights
96mg. Note that even while in motion if the laser is somehow
shone continuously on the PV cell then a continuous forward
motion would be expected.
Fig. 14: Microrobot rolling forwards in real time. The bot is
operated over a piece of paper for better traction and to avoid any
slipping between the spiked wheels and the level surface.
C. Rolling using supercapacitor
The supercapacitor is charged up to 3V (in 1 minute) using
an external function generator. After this charge, the voltage
across the supercapacitor drops from 3V to 1V in 8s due
to it getting discharged via the coil. During this phase, the
magnet drives the input of the ratchet at 20Hz resulting in the
rear wheels rotating at 300◦/s and the robot rolling forwards
at 27mm/s as seen in Figure 14. If we had a constant 1V
battery, then the robot can be kept operating while consuming
0.6mW of power. But since we don’t have a constant voltage
battery, the average power consumed in the 8s is greater at
2.5mW since the capacitor starts with a higher voltage.
IV. CONCLUSIONS AND FUTURE WORK
The wheels and the supporting structures in the robot
weight 40mg and can be made much lighter by using carbon
fiber or using the material more sparsely. The bot could be
made to consume an even lower power if the electronics
could function below 1V, but we didn’t find any lower
voltage light-weight opamps.
The mechanical work done by the actuator to overcome the
mechanical losses in the mechanism is negligible compared
to the Joule heat loss in the coil. This Joule heat loss is
independent of the actuator frequency. Thus, the wheels can
be made to rotate much faster simply by increasing the
operating frequency of the actuator, and still consume almost
the same amount of power while rolling forwards much
faster.
The proposed double-ratchet can work with any other
actuator and convert small periodic motions to continuous
rotation. Using the same principles, one can make a much
smaller rolling robot as well but we expect the availability
of off-the-shelf power electronics components to be very
restricting at smaller scales, and custom chips would have
to be made.
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